Some fern species often dominate plant communities by forming large monospecific colonies. However, the potential mechanism for this domination of the ferns remains obscure. Many plants secrete a wide range of compounds into the rhizosphere and change the chemical and physical properties of the rhizosphere soil. Through the secretion of compounds, such as allelopathic substances, plants inhibit the germination and growth of neighboring plants to compete more effectively for the resources. Ferns contain a variety of secondary metabolites and some of those compounds are released from the ferns into the rhizosphere soil, either as exudates from living ferns or by decomposition of fern residues in sufficient quantities to affect the germination and growth of neighboring plants as allelopathic substances. Therefore, allelopathic chemical interaction of the ferns with neighboring plants may play an important role in the formation of the monospecific colonies of the ferns.
Many investigators have observed that certain ferns often dominate in some local ecosystems and establish pure colonies [1] [2] [3] . Ferns are the oldest vascular plants and are distributed widely with large morphological diversity. Despite taxonomic interest, few studies have been conducted to clarify the formation of the monospecific stands from a chemotaxonomic perspective.
The characteristics of life-history, such as high reproduction and high growth rates of the plants are considered to be important for the domination [4] [5] [6] . High competitive ability for natural resources such as nutrients, water and light with other plant species is also important for the domination [7, 8] . In some cases, phytotoxic and/or allelopathic substances probably contribute to the enhancement of the competitive ability and play an important role in the establishment of such colonies [9] [10] [11] . Some plants produce and secrete into the surrounding environments considerable amounts of phytotoxic and/or allelopathic substances, which are highly toxic to other species [12] [13] [14] . These substances may help the plant domination in the local ecosystems.
Allelopathy can be defined as chemical interactions between various plant species. Evidence for allelopathy has accumulated in the literature over many years. In particular, it has been demonstrated that certain plants release chemicals, termed allelochemicals, into their immediate environment; these allelochemicals affect the germination, growth and development of other plant species nearby [11, [15] [16] [17] [18] . A number of secondary metabolites such as phenolic acids, phenylalkanoic acids, hydroxamic acids, fatty acids, terpenes, and indoles, have been identified as putative allelochemicals in many species of angiosperms [15, [17] [18] [19] [20] [21] . However, evidence for allelopathy of ferns is limited and has not yet been summarized.
This review provides a short overview of the allelopathic potential and allelopathic substances of the ferns Pteridium aquilinum (bracken), Dicranopteris linearis, Gleichenia japonica, G. pectinata, Thelyptesis normalis and Pityrogramma spp., which are the major ferns that have been studied in this regard. The possible function of these allelopathic substances for the formation of the monospecific colonies of the ferns is disussed.
Bracken fern
Bracken {Pteridium aquilinum (L.) Kuhn, Dennstaedtiaceae} is distributed almost worldwide under environmental conditions ranging from tropical to boreal forests, and dominates many types of vegetation [1] . Some researchers have attributed the domination to its high competitive ability for light, water and nutrients. Some investigations also suggest the possible allelopathic potential of bracken.
Bracken inhibited seedling growth of barley (Hordeum vulgar L.), Bromus tectorum L. and Douglas fir (Pseudotuga menziesii Mirb.) when these plants were incubated on sponges containing aqueous extracts of bracken [22] . Aqueous extracts of dead bracken fronds inhibited seed germination and seedling growth of two grass species, Avena fatua L. and Bromus rigidus Roth. [23] . Aqueous extracts of senescent bracken fronds also inhibited the germination and seedling growth of western thimbleberry (Rubus parviflorus Nutt.) and salmonberry (Rubus spectabilis Pursh.), and bracken residues incorporated into soil inhibited the seedling growth and dry weight increase of western thimbleberry [24] . In addition, aqueous extracts of bracken fronds inhibited the mitosis of radish (Raphanus sativus L.) radicle cells [25] .
Unknown phytotoxic substances, including putative phenolic compounds leached from the dead and standing bracken by rain water, were largely responsible for the inhibition of the germination and growth of several plant species [1, 26] . These findings suggest that allelopathic interaction may play an important role in the domination of bracken.
Some phenolic compounds, such as p-hydroxybenzoic, vanillic, p-coumaric, and ferulic acids were found in the soil under bracken [27] . Those phenolic compounds have growth inhibitory activity against many plant species [17] . However, phenolic compounds are universal in many plant species and these growth inhibitory activities were not often sufficient to cause growth inhibition of neighboring plants [28, 29] . Therefore, such allelopathic potential of the fern cannot be distinguished from that of other plant species by only these phenolic compounds. Some other compounds may contribute to the allelopathy of bracken.
Dicranopteris linearis
Dicranopteris linearis (Burm.) Underw. (Old World forked fern, Gleicheniaceae) grows well in sunny places and is one of the most widely distributed ferns throughout tropical to temperature regions. D. linearis is very productive, accounting for over half of the primary productivity in some forest ecosystems [2] . This fern also dominates plant communities and often forms large pure colonies. However, the potential mechanism for this domination remains unclear.
The aqueous extracts of plants and plant residues of D. linearis inhibited the seed germination and seedlings growth of several weed species [30] [31] [32] . The soil under D. linearis colonies also inhibited the growth of several dicotyledonous and monocotyledonous plant species. In addition, there was no difference in physicochemical properties and nutrients between the colony soil and control soil [3] . These results suggest that D. linearis may have strong allelopathic potential, and allelopathic chemical interactions may play an important role in the domination of D. lineari.
Total phenolic compounds in the soils under D. lineari were significantly greater than those in the control soil [3, 31] . However, as described earlier, such strong allelopathic potential of D. linearis may not be attributed to only these phenolic compounds. The extract of D. linearis fronds had inhibitory effects on Echinochloa colonum (L.) Link and Avena fatua L. The extract obtained from 0.1 g dry weight of D. linearis fronds inhibited the root growth of E. colonum and A. fatua to 15.1 and 6.9% of control root growth, respectively, and inhibited the shoot growth of E. colonum and A. fatua to 33.4 and 23.5% of control shoot growth, respectively. The effectiveness of the extract on root growth of the test plants was significantly greater than that on the shoot growth of the test plants [33] . Both bioassay species were found to grow in the vicinity of the D. linearis colony. E. colonum was also found near a colony of D. linearis in another ecosystem [30] and A. fatua was found beside a colony of bracken fern [1] . Therefore, the allelopathic property of D. linearis was confirmed in species likely to interact with dominant ferns.
The extract of D. linearis fronds was purified and a main inhibitory substance was isolated and determined as cinnamtannin B-1 (1), which is a trimeric A-type proanthocyanidin found in a limited number of plants and shown to possess anti-oxidant properties [34] . Cinnamtannin B-1 modulated several biological processes against animal cells such as reduction in cytosolic free Ca 2+ concentration, endogenous reactive-oxygen-species generation, protein tyrosine phosphorylation and platelet aggregation [34, 35] .
Cinnamtannin B-1 inhibited both root and shoot growth of E. colonum and A. fatua at concentrations greater than 0.2 -0.5 mM. The calculated concentrations required for 50% growth inhibition for roots and shoots of A. fatua were 0.34 and 1.31 mM, respectively. The concentrations required for 50% growth inhibition for roots and shoots of E. colonum were 0.99 and 1.12 mM, respectively. Comparing these values, the effectiveness of cinnamtannin B-1 on root growth of E. colonum and A. fatua was 1.1-and 3.9-fold greater than that on shoot growth, respectively, which is consistent with the results of inhibitory activity of the extracts of D. linearis fronds [33] .
Cinnamtannin B-1 was also found in soil under the colony, at concentrations of 4.3 and 14.5 mM in soil at the edge of and under the colony, respectively [33] , which suggest that cinnamtannin B-1 may be released either as an exudate from living plants or through the decomposition of plant residues. The threshold of cinnamtannin B-1 for growth inhibition was 0.2 -0.5 mM and the concentrations for 50% growth inhibition of cinnamtannin B-1 were 0.34 -1.31 mM, as described earlier. These concentrations in soils were over the threshold for the growth inhibition and concentrations required 50% growth inhibition. High concentrations of cinnamtannin B-1 in soils at the periphery of colonies may favor the continued expansion of the species. These results suggest that allelopathy of D. linearis may have an ecological impact on the local ecosystem and allelopathic chemical interactions may play an important role in the dominance of D. linearis.
Gleichenia japonica
Gleichenia japonica Spreng (Gleicheniaceae) grows well in sunny places and is one of the most widely distributed ferns throughout East to South Asia. The fern also forms large pure monocultural stands. Aqueous methanol extracts of G. japonica fronds inhibited the growth of seedlings of cress (Lepidium sativum L.), lettuce (Lactuca sativa L.), ryegrass (Lolium multiflorum Lam.) and timothy (Phleum pratense L.). The extract of G. japonica fronds therefore had an inhibitory effect on both dicotyledonous plants (cress and lettuce) and monocotyledonous plants (timothy and ryegrass). These results suggest that G. japonica fronds may have allelopathic potential and contain allelopathic active substances [36] . In addition, aqueous methanol extracts of G. japonica litter also inhibited the growth of cress, lettuce, barnyard grass {Echinochloa crus-galli (L.) Beauv.} and ryegrass [37] . An extract of G. japonica fronds was purified by chromatography, along with monitoring the inhibitory activity; two growth inhibitory substances causing the allelopathic effect were isolated [36] . The chemical structures of the two substances were determined by spectral data to be a novel compound 3-O--allopyranosyl-13-O-fucopyranosyl-3-hydroxymanool (2) and 18-O--Lrhamnopyranosyl-(1→2)--D-glucopyranosyl-13-epitorreferol (3). These compounds inhibited the shoot and root growth of cress, lettuce, alfalfa (Medicago sativa L.), timothy, ryegrass and barnyard grass at concentrations greater than 0.1 -1.0 mM. The concentrations required for 50% growth inhibition of root and shoot growth of these test plants ranged from 0.72 -3.49 mM and 0.79 -3.51 mM for compounds 2 and 3, respectively.
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The concentrations of compounds 2 and 3 in soil under the pure colony of G. japonica were 4.9 and 5.7 mM, respectively, indicating concentrations over those required for 50% growth inhibition described above, and are potentially available under monocultural stands of the ferns. Therefore, these compounds may contribute to the allelopathic effects caused by the presence of G. japonica and may thus contribute to the establishment of monocultural stands of this fern [36] .
A novel compound 13-O-β-fucopyranosyl-3β-hydroxymanool (4), isolated from G. japonica litter [37] , inhibited the growth of roots and shoots of cress and barnyard grass at concentrations greater than 0.03 mM. The concentrations required for 50% growth inhibition of cress roots and shoots were 0.18 and 0.27 mM, respectively, and the concentrations for barnyard grass roots and shoots were 0.09 and 0.18 mM, respectively. Thus, the compound found in G. japonica litter was much more active than compounds 2 and 3 found in G. japonica fronds. In addition, although the biological and/or ecological meanings remain uncertain, several bioactive terpenoid-related compounds were isolated from the fronds of G. japonica [38] [39] [40] [41] .
Gleichenia pectinata
Aqueous extracts of Gleichenia pectinata (Willd) C. Presl (Gleicheniaceae) inhibited the germination of lettuce seeds [42] . The extracts also inhibited the mitosis of lettuce and maize (Zea mays L.) cells and increased the death of those cells in bioassays [43] .
Thelyptesis normalis
Sporophytes of Thelyptesis normalis (C. Chr.) Moxley (Thelypteridaceae) inhibited the growth of gametophytes of T. normalis under the competition eliminated-condition for nutrients and light as well as pH change in the medium. Two growth inhibitors, thelypterin A and B, were isolated from root exudates of the sporophytes [44] . The occurrence of self-inhibition of T. normalis may provide an ecological advantage to form large colonies. Sporophytes of T. normalis inhibited the growth of its gametophytes in the immediate vicinity of the sporophytes, but the sporophytes did not inhibit their gametophytes some distance from the sporophytes. Therefore, the gametophytes may be able to establish new plants around and enlarge the colonies.
Pityrogramma fern
Pityrogramma spp. (Pteridaceae) produced and secreted a flavonoid farina on the abaxial side of its fronds. The farinas contained chalcones, dihydrochalcones and izalpin. These flavonoids had inhibitory effects on spore germination and gametophyte development of Pityrogramma calomelanos [45] . These farinas flake off fern fronds and fall to the soil surface, thus resulting in interaction with the germination of neighboring plants, which may contribute to the sphere of inhibition surrounding established ferns [46] . Flavonoids were reported to have various biological functions and play an important role in plant allelopathic interactions [47] .
Conclusions
Plants secrete a wide range of compounds into the rhizosphere soil. Through the secretion of various compounds, plants are able to change the chemical and physical properties that regulate the soil microbial community [11, [48] [49] [50] . Under certain conditions, phytotoxic and/or allelopathic active substances in plants can also be released into the soil, either as exudates from living plant tissues or by decomposition of plant residues [11, 18, 51] . In addition, many of the phytotoxic substances have been reported to have multiple activities, including anti-herbivore, anti-fungal, and anti-microbial effects, which may enhance the competitive ability of the plants in the local ecosystems [6, 52] . Allelopathic active substances are also able to inhibit the germination, growth and development of other plant species nearby and enable the host plants to become established in the local plant communities [9] [10] [11] 18 ].
All information available indicates that some ferns are allelopathic. Several allelopathic active substances were isolated from their fronds, root exudates, residues and soils. These substances are possibly released either as an exudate from living ferns or through the decomposition of fern litters. The allelopathic substances were demonstrated to play important roles in chemical interactions in the local plant communities [9] [10] [11] 18] . Therefore, those allelopathic substances released from the ferns may contribute to the growth inhibitory effects of the fern and may be in part responsible for the establishment of pure colonies of the ferns. However, the role of allelopathy in the ecological aspects of ferns requires further investigation. Despite the large distribution and diversity of ferns, information on their allelopathy is limited. More extensive research on this is necessary.
